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Sequence Specific Collective Motions in a Winged Helix DNA Binding Domain
Detected by**N Relaxation NMR
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ABSTRACT: The recognition between transcription factors and their DNA binding sites is a highly dynamic
process. During transcriptional regulation, transcription factors must bind to or dissociate from their
cognate DNA binding sites. The winged helix DNA binding motif is one of many highly conserved
DNA binding motifs identified in transcription factors. Backbone dynamics has been studied N the
and?H-enriched winged helix family member Genesis. Our data show that the overall motions of the
single domain Genesis are better described by more than two autocorrelation#ine®©(r data also
demonstrate that Genesis shows structure specific conformation exchange charactdRized hgrefore,

our results indicate that the structure of Genesis is highly dynamic and that secondary structure elements
in Genesis have collective motions in the nanosecond to millisecond time scale. Since the winged helix
DNA binding motif is highly conserved, this unique dynamic property observed in Genesis is also likely
to be conserved in other winged helix family members and important in DNA binding.

Transcription factors play critical roles in cell growth, One of the highly conserved DNA binding motifs is the
development, and differentiation by binding to DNA control winged helix motif, which is found in a large family of DNA
elements and regulating gene expression. To understand hovinding proteins that play important roles in cell function
transcription factors control gene expression, the structures(4). This motif was initially identified in the mammalian
of many transcription factors and their DNA complexes have hepatocyte-enriched transcription factor HNF53 énd the
been studied. In these studies, several highly conservedprosophila fork head homeotic protein (fkh)6f. Later,
structural motifs have been identified, and the atomic basis many winged helix proteins were identified in organisms
for sequence specific DNA recognition used by these motifs ranging from yeast to humang<16). Previous studies have
has been determined by NMRnd X-ray crystallography  gemonstrated that HNF-3/fkh homologues play important
(1—3). However, these static structural methods give 1ess gjes in developmental and tissue specific gene regulation
information on how the DNA binding process proceeds as a (17_27) - previous structural studies also indicate that this
protein and its cognate DNA site bind to form a complex.. DNA binding motif contains three or four helices, three
This process is expected to be_ h|ghly dynamlc. Proteins in sheets, and two wing238, 24), of which helix 3 makes most
astructurally conservgd DNA binding motif may aIso_foIIow of the contacts in the major groove of DNA. Furthermore,
a conserved dynamic pathway to recognize their DNA X . k

several experiments showed that DNA sites are bent in

binding sites. ; ; .
9 winged helix proteirr-DNA complexes 4, 25). These data
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winged helix DNA binding motif and may play an important
role in proteir-DNA interaction.

MATERIALS AND METHODS

Expression and Purification of the DNA Binding Domain
of Genesis. The gene encoding the DNA binding domain
of Genesis 27), which in this report will henceforth be
referred to only as Genesis, was generated by PCR ampli-
fication from the rat genomic clond{). The endonuclease
recognition sitesdNdd and Xhd were engineered for the
cloning of Genesis into pET21b (Novagen) with a 6XHis
tag fusion at the C terminus. Therefore, the expressed prote
contains the functional DNA binding domain of Genesis with
an extra Met at the N terminus and Leu-GIn-(Hig) the C
terminus for purification purposes. One of the problems in
NMR studies of Genesis is that the resonances are highly
overlapped. Thus, to reduce line width in th& #imension
and increase signal intensities, perdeuteration was carrie
out to replace carbon-attached protons. The protein was
produced inEscherichia colistrain HMS174 grown in 98%
D0 by induction of T7 polymerase at midlogarithmic growth
through the addition of IPTG to 1 mM. Uniformly labeled
Genesis was grown in isotopically enriched minimal media
containing 0.6% N#1PQO,, 0.3% KHPQO,, 0.15% NacCl, 1
mM MgCl,, 0.1 mM CaC}, 0.5% Basal Medium Eagle
Vitamin Solution (Gibco), and a rare element supplement.
(*>NH,).SOy (1 g/L) and 4 g/L unlabeled glucose were used
for >N labeling. Protein expression was induced at ard@D
of 0.4 in D,O, and cells were grown for a further 24 h with
the container open to air. Since the majority of expressed
Genesis was present in insoluble inclusion bodies, a standar
procedure using denaturing conditions was performed to
extract the protein in O with Ni-NTA resin [Qiagen
Manual (1992) 2nd ed.]. After elution of Genesis in 8 M
urea at pH 4.5, the protein was renatured by dialysis against
100 mM phosphate buffer at pH 6.5 in®. Thus, renatured
Genesis is fully protonated on all amides.

Purified Genesis was exchanged into NMR buffer [50 mM
phosphate (pH 6.5), 100 mM NaCl, and 10 mM,8#, in
10% D,O/90% HO] by ultrafiltration. Due to precipitation
during dialysis and ultrafiltration, the final concentration for
NMR studies was about 1 mM.

Gel Shift Assay.To study the isotopic effects in the
Genesis-DNA interaction, gel shift assay28) were per-
formed to estimate the dissociation rate ‘8N-enriched
Genesis-DNA complexes and®N-, ?H-, and3C-enriched
Genesiss-DNA complexes. ™N-enriched Genesis oiH-,
13C-, and >N-enriched Genesis was incubated witlr-
labeled Genesis specific DNA probe #HFH-2#22)(for
30 min at 30°C prior to the addition of a 25-fold molar
excess of unlabeled DNA probe. Binding reactions were
performed in 2QuL of 1x gel shift buffer [20 mM HEPES
(pH 7.9), 40 mM KCI, 2 mM MgCJ, 1 mM DTT, and 4%
Ficoll] containing 50 ng of protein, 1 ng of labeled DNA, 2
ug of poly(dl-dC), and 200 ng of bovine serum albumin
before adding 25 ng of unlabeled DNA probe. After
incubation for 0, 10, 20, 40, and 60 min with unlabeled probe
at 30°C, samples were analyzed on a 9% nondenaturing
polyacrylamide gel.

NMR Method. *N Ty, T,, and{*H}—'5N NOE spectra
were acquired on a Bruker DRX 600 MHz spectrometer

n

N
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equipped with a triple-resonance three-axis pulse field
gradient probe. The pulse sequences used to réeNr;
and T, and the steady-staféi—N NOE were published
previously @9) and, therefore, will not be repeated here. For
coherence selection gradients, the gradients on botk the
andz directions were applied with thegradientz gradient
ratio equal to 1.8 to achieve the best water suppressinn.
T, relaxation parameters were measured from the spectra
recorded with different durations of deldy T=0.01, 0.01,
0.1, 0.3, 0.5, 0.6, 0.7, and 0.9 §; spectra were recorded
with magnetization relaxation as exg{T,;) and in such a
way that the delay between scans affected only the sensitivity
and not the extracted; values 29, 30). T, values were
determined from spectra recorded with deldysf 7.8, 7.8,
24, 39, 55, 71, and 95 mstH 180 pulses were inserted
during theT relaxation times to eliminate the effects of cross
relaxation times as described previousdt-{33). H—1°N
teady-state NOE values were determined from spectra
acquired in the presence and absence of a proton presatu-
ration period of 3 s.'H saturation was achieved with the
use of a 120 'H pulse at 5 ms intervals3¢). Relaxation
delays of 1.1 s were employed in measurement$MfT,
andT, relaxation parameters. Relaxation delaf2 e were
used for the{'H} —1°N steady-state NOE experiment with
IH saturation, att 5 s was used for the experiment without
H saturation.
Determination of Relaxation Parameter3he intensities
of the peaks in the two-dimensional (2D) spectra were
determined by the peak-picking package in the commercial
software SYBYL (Tripos Inc.). The relaxation rate constants
ere determined by fitting the measured peak heights to a
wo-parameter function

I(t) = 1o exp(-tR) (1)

wherel(t) is the intensity after a delay of tinteandlg is the
intensity at time 0. R represents the spitlattice { = 1)
and spir-spin ( = 2) relaxation rate constant, respectively.
The peak intensities were fitted to a single-exponential
decay function by the nonlinear least-squares method as
described previoush36). The steady-statg'H} —'°N NOE
enhancements were calculated as ratios of the peak heights
in the spectrum recorded with proton saturation to those in
the spectrum recorded without saturation.

NOE = (2)
The standard deviation of the NOE valuige was estimated
on the basis of measured background noise levels as

ONOE‘/NOE = (Osallsab + (Ounsa“unsa) (3)

wherelsy andlynsarare the intensities of a resonance in the
presence and absence of proton saturation, respectigly.
andoynsairepresent the standard deviations of corresponding
intensities determined from the root-mean-square noise of
background regions, respectively. As suggested previously,
the standard deviation for each peak can be estimated by
this method 29).

Determination of Dynamic Parameter&mide >N nuclear
spin relaxation is dominated mainly by dipolar interaction
with its directly attached protons and by chemical shift
anisotropy 86). The®N T, ! andT, ! relaxation rates and

Isa[' unsat
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the'H—15N steady-state NOE can be expressed as a functionappropriate spectral density function and extract dynamic
of spectral densityd(w) evaluated at up to five different parameters of each residue. In the simulation, the target

frequencies and an added teRgy in the expression fof, ! function 2 was minimized and was defined as
incorporated to describe the effects that mainly result from , A S

the conformation exchange averagirgy)( X =(Te— T /oTl + (Toe — Ty /oT2 +

1m = dz[‘](a)H — wy) T 3(wy) + 6J(wy + o)) + (NOE; — NOEQZ/UNOE2 (12)

2
cIwy) (4) where the subscripts ¢ and e represent calculated and

) experimentally determined relaxation parameters, respec-
1/T, = 0.5d74J(0) + J(wy — wy) + 3)(wy) + 6(wy) + tively. or,, or, andonoe are the standard deviations of the

6J(wy + wy)] + 1/6C2[3 J(wy) + 4J0)] + R, (5) experimental data. Nonlinear least-squares optimization and
) Monte Carlo simulations were performed to minimjzen

_ 2 _ _ the analyses as described previoud§, @5).
NOE= 1+ (y//yn)d 6wy + oy) = Sy = onlTy From an average backbone structure determined from

(6) NMR constraints46), the ratio of three principal components
where the constant® andd? are defined as of Genesis (residues-03) is estimated to be 1.0:0.95:0.70.
) 3 ) The motions of proteins with similar ratios were successfully
¢ = (2/15)y\"Ho (0, — 0p) (7) described by the model free formalism with the assumption
that the proteins tumbled isotropically in solutic2o( 45).
o = 0.1y, %y 2hl(4r?) (U3, (8)  Therefore, in our analysis, the overall motion of Genesis is

assumed to be isotropic. Starting from an estimage 4.1
whereyy andyy are the gyromagnetic ratios of the and ns) which was determined from tAe/T, ratio averaged41—
N nuclei, respectivelypn andwy are the Lamor frequen-  43) from structured regions in Genesis, the following models
cies of*H and™*N, respectivelyry is the internucleatH— were employed for the analysis of the experimentally
15N distance for amides(1.02 A), Ho is the magnetic field  determined relaxation data: (§ using the simplified
strength, andy; and oy are the parallel and perpendicular  formalism (eq 11), (i) andz. and (jii) &, 7e, andRex Using
components of théN chemical shift tensor, respectively. the standard formalism (eq 9), and (&%, S2, andre using
As described previously3@), o; — onis —160 ppm for the  the extended formalism (eq 10). In models i and-jiwas
amide NH. further optimized for Genesis.

The NMR relaxation parametefls and T, and thelH—

15N steady-state NOE are functions of the internal motions RESULTS
and autocorrelation time ) of the molecule at a given field

strength. These relaxation parameters are related to molec- Analysisof Relaxation Parameters The intensities of
gth. P . ) . Individual amide resonances were measured from the 2D
ular motions through the spectral density function, and in

S spectra taken at 290 K. The expressed DNA binding domain
gg_o;f'%mﬁ::gd eeétrearl]%eei;ci)tm}ir?gt?gﬁsmoc;daerz fir:;r%p?g:ﬁmh of Genesis contains 108 amino acids, which include an extra
tumbliné molegule are expreyssed as follows PICAlY " Met at the N terminus for the translation initiation, LQHH-

: HHHH at the C terminus for Ni-NTA affinity purification

) (Quiagen), and 9 prolines in the sequence. Due to the highly

overlapped nature of the amide signals in DNA free Genesis,

only 67 of 107 singly protonated amides were well resolved

for unambiguous peak height determinations under current
o) =1, /(1 + 0%, ) + (5% — D1+ w’?) (10) experimental conditions (Figure 1). The signals from the

C-terminal sequence and the (Hitg of Genesis are highly

where the order parametstis expressed as the product of Overlapped and intense and have no assignment available;
two order parameter§? and S2, describing the degree of ~ thus, no relaxation parameters can be obtained for residues
spatial restriction of the intramolecular motion of the after Leu93 (R94H108). However, the 67 well-resolved
internuclear!>N—!H vector internal motions on a fast and ‘H—""N peaks are distributed in all secondary structural
slow time scale, respectivelyz, represents the overall —€lements of Genesis, and their dynamic properties can be
tumbling correlation time of the entire molecule. The Viewed as being representative of the corresponding second-
effective correlation time. is expressed as 4~ 1/ + ary structure (Figures 1 and 2). Genesis contains four helices
1/ty, and for the extended formalism of Clore et a1 and three sheets (Figure 2), and residues in these structured
42), when S is <1, e results from the slower internal —sequences show more uniform relaxation propertiéN:T;

Jw) = Fr /1 + 0’7, + (1 - D/l + o’

and

motionsts, where 1f = 1/ts + 1/tm. However, wherr, is in the range of 1.+1.2 s and*N T in the range of 5660
much smaller than,,, the formalism is S|mp||f|ed to ms. Aty of 14.5 ns was first estimated from the average
T./T, ratio from the residues in structured regions. This
Jw) = S, /(1 + 0’2 (11) unusually larger, is partly due to the relatively low

temperature (290 K) at which the NMR data were acquired.
Equation 11 can be used to estimate the overall correlationThe residues in wing 1 and wing 2 show slightly redu@ed
time t,, from the ratio ofT./T,, which is 20.0 for Genesis, values, increaset, values, and reduced NOE values. Thus,
averaged from residues in well-structured sequendgs ( judged on the relaxation parameters alone, the two wings
44). Computer simulation is used to determine the most are expected to have large amplitude internal motions.
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FiIGURE 1. Relaxation parameters of Genesis acquired on a Bruker DRX 600 instrument at 290 KN (Ry)with error, (B)°N T, with
error, (C)!H—1N steady-state NOE with error, and (D) the secondary structure of Genesis.

0.00

Genesis Requires More Than OngTo Describe Q@erall isms with 95% fidelity (Table 1), when &, of 13.9 ns was
Motions of Its Single Domain.Model free analysis was used 89—41). One possibility is that the time scales and
performed on Genesis using the relaxation parameters thaamplitudes of motions of the two wings are slow and large,
were obtained (Figure 1). Genesis is a single-domain and these motions are comparable with the overall motions
polypeptide and binds to DNA as a monomer. The internal of Genesis under our experimental conditions. In this case,
motions of most of the residues can be described by eitherthese internal motions would directly modify the apparent
the simplified formalism (eq 11) or the standard formalism ., for residues in the two wings. Therefore, separate
(eq 9) with a single optimized,, of 13.9 ns (Figure 3). values were further optimized for these two stretches of
Although the relaxation parameters indicate that the two amino acid sequence by using the standard formalism (eq
wings are likely to have large amplitudes of internal motions, 9). Our data indicate that the optimizeglvalue for residues
the internal motions of most residues in wing 1 and wing 2 Gly69 and Gly74 is 11.5 ns and for residues Asn70, Gly73,
cannot be described by any form of the model free formal- Lys73, and residues starting from Glu82 is 10.9 ns. By using
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1 of Genesis indicates that two stretches of sequence display
\\/\ " large conformation exchange. One of the sequences is

Ser19-(Pro20)-Glu21-Lys22-Lys23-Leu24. These residues
link helix 1 and helix 2 and contain a turn andsastrand
(S1). In this sequence, residues show conformational
exchanges ranging from 5.4 to 12.0 Hz except Pro20 for
which no relaxation data are available (Figure 3). This result
indicates that this stretch of amino acids in Genesis has
collective motions on the millisecond time scaB¥)

CHE in L9 (W) Dynamics Analysis Supports the Existence of Helix 4.
Although Genesis is highly homologous to HNF;3he two
proteins demonstrate folding differences. An extra helix (H4)
is observed in Genesis at a sequence (Figure 2) which is
determined to be a loop in the crystal structure of HNF-3
(23, 24). This fourth helix is inserted between helix 2 and
helix 3 in GenesisZ4, 46). The insertion of this helix also
yields a helix 3 in Genesis that is shorter than what was
observed in HNF-8. Interestingly, the sequence forming

, helix 4 has been proposed to regulate DNA binding specific-
GED 1o GTSW) ity in different winged helix family members, even though

Ficure 2: Ribbon diagram showing the tertiary structure of this sequence does not contact DNA direct7)( Our

Genesis. Due to the lack of assignment for the C terminus of dynamic data strongly support the formation of helix24)(
Genesis and NMR constraints, the calculated structure contains onlyln our model free analysis, residues-3®4 which form helix

residues +93. This structure was obtained from NMR-derived 4 in Genesis are relatively rigid, the aver&§ealue is about

constraints with the program Diand7 and was deposited in the ; A Aifi ; ;
Protein Data Bank (PDB code 2hfh). The secondary structures are0'8’ with no significant conformational exchange or internal

as follows: H1, T8-Q18; S1, K23-T25; H2, L26-R36; H4, P38- motions described by.. Thus, this sequence shows a more
F44: H3, W47-L57: S2, F61164: W1, P65-N75: S3, Y76-N8O: structured nature in Genesis. Interestingly, residues Trp47-
and W2, P8%+L93. The sequences which show sequence specific Glu48-Asn49 immediately following helix 4 show confor-

collective motions in our model free analysis are also indicated. mational exchange in the model free analysis. This result
indicates that these three residues likely form the beginning
Table 1: Summary of? Values from the Model Free Analyses of  of helix 3 or a loop connecting helix 3 and helix 4. In the
Wing 1 and Wing 2 structure of HNF-3, this conserved sequence Trp47-Glu48-

«
SINPMNIIKIIK2N.

residue xe 2P x°e Asn49 is near the center of helix 3.

G69 63.6 0.0 3.7 Several Potential DNA Contact Residues HaConforma-
(N;g 33191'2 3%%61 3392 tion Exchange.Residues Tyr6, Asn47, Leu56, and Trp76
K73 68.8 68.8 33 are potential DNA contact residues, on the basis of amide
G74 41.0 42.5 4.2 chemical shift changes in a GenesBNA complex (C. Jin
Q82 10.4 6.8 4.6 and X. Liao, unpublished). In our model free analysis, these
ggg 1?;2 1%2 3'2 residues also show conformational exchange (Figure 3).
M86 165.8 165.8 6.5 These potential motions on the millisecond time scale may
N89 352.8 352.8 6.0 play important roles in Genesi®NA interactions.

S91 217.0 0.0 3.1

L93 68.4 68.4 6.4 DISCUSSION

242 from an analysis using the standard model free formalism (eq . . L L. L
9). P42 from an analysis using the extended formalism (eq 10). Inthe ~ Protein-DNA interaction in transcription regulation is a

first two analyses, them value was fixed at 13.9 n8y? values highly dynamic process. A proteitDNA complex forms
representing 95% fidelity, which can be reached in the analyses using or dissociates in response to cell regulation signals. We have
the standard formalism (eq 9) with smalig values. demonstrated that the DNA binding domain of the transcrip-
tion factor Genesis is highly dynamic and that Genesis shows
these differentr, values, the internal motions in the residues multiple autocorrelation times and sequence specific con-
between Gly69 and Gly74 and after Glu82 can be describedformational exchange. These sequence specific collective
by the standard model free formalism (eq 9) with 95% motions are likely to be important in GenesBNA interac-
fidelity. This result indicates that there are relative motions tions.
on a nanosecond time scale between the two wings and the Since a winged helix DNA binding domain is usually

rest of the structured s.equenc_es in the DNA binding domain flanked by activation domains on both sides, the |0ngﬁst
of Genesis. The relative motions between these secondary(13.9 ns) which represents the overall motion of Genesis

structures yield faster apparent overall motions for the under our experimental conditions is not likely meaningful

residues in wing 2 and wing 1. in vivo. However, the relative motions between secondary
The Sequence Connecting Helix 1 and Helix 2 Shows structures are more likely to be preserved and to be important
Motions on the Millisecond Time ScaleConformational in Genesis function. Our data clearly show that the two DNA

exchanges are a good indicator of slow backbone motionscontact wings have collective motions on a nanosecond time
on a millisecond time scal&7, 48). The model free analysis  scale relative to the helices afistrands. These slow
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FiGURE 3: Model free analysis of Genesis: (&}, (B) 7., (C) Rex, (D) multiple 7, values needed for a description of the overall motions
of Genesis, and (E) the secondary structure of Genesis.

motions associated with the two wings are likely to be vy + vy in the case where the projections of the vectors on
independent of the overall motion of Genesis, and the smalleraxisj are considered. Alternativelyy = vy + v can be
apparentry, values are the result of the addition of two expressed as 4f = 1/ry + 1/ty, in whichz; (i =0, 1, or
motions in Genesis. In classical dynamics, the addition of 2) is the time required to travel a unit distance on gxas
two velocities follows the formulag, = v; + v,, andvg = speedy; (i = 0, 1, or 2). Similarly, the apparemf, (Tmapp
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can also be assumed to contain two components, and if thesare rearranged constantly due to the interfinger motions.
two motions were isotropic and independent of each other, Therefore, the conformations of multi-zinc finger proteins

the Tmapp would follow the formula are highly flexible. However, many DNA binding motifs
are single-domain DNA binding motifs. How a single-
Wtrapp= 1/t + Lt (13) domain DNA binding protein adjusts its conformation in the

DNA recognition process is less obvious. An extreme case

wherermappis the apparent,, obtained for the mobile wings, is presented in the NMR _s_tudies of HMG domains. Two of
Tm is the overall correlation time of Genesis obtained from the DNA sequence specific HMG domains, SRY and LEF-
the structured sequence, ang is the relative motion of 1, do not adopt defined structures before they contact DNA
the flexible sequences. In our study, thefor Genesis is (61 62). In DNA recognition, SRY and LEF-1 have to
13.9 ns, andmappfor residues Asn70, Gly72, Lys73 and the recognize the linear DNA sites first and then adopt new
residues after Glu82 is 10.9 ns. Thug, representing the ~ conformations, which causes DNA site bending in DNA
relative motions of these sequences is 50.5 ns. Similarly, complexes. However, the DNA sequence nonspecific HMG
since Gly69 and Gly74 havemap,of 11.5 ns, therye for domain HMGL, which has (_jefmed structure before it binds
these two residues is 66.6 ns. Thus, wing 1 and wing 2 haveto DNA (63), binds preferentially to distorted DNA structures
collective motions with a correlation time of around 50 ns. (64—66) and DNA with an enforced bendT). Thus, it
Apparently, these collective motions of wing 1 and wing 2 Seems that the sequence erX|b|I!ty a_tssoma_ted with these less
are not isotropic and cannot be fully described by the model Structured DNA free HMG proteins is required due to large

free formalism. Neverthelesgye can still give an estimate ~ conformational changes when they bind to DNA.
for the amp“tudes of relative motions, and these relative Our data indicate that collective motions are associated

motions are likely to be more important for proteiBNA with the two DNA contacting wings in Genesis and that these
interaction. collective motions are on the nanosecond time scales as
indicated by corresponding values. These motions show
Genesis constantly adjusting the relative positions of its DNA
contact residues on the different secondary structure ele-
ments. On this basis, Genesis can be treated as a multido-
main DNA binding protein; the four helices and three sheets
compose one domain, and the two wings form the other two
DNA contact domains. Furthermore, the two sequences
) o ~ between helix 1 and helix 2 and between helix 4 and helix
Previous data showed that many DNA binding proteins 3 ghow considerable conformational exchange, which indi-
and their cognate DNA sites adopt new conformations in cate motions on the millisecond time scale. Therefore, our
protein-DNA complexes {, 49-55). On the basis of the  gata show that Genesis is highly dynamic and contains
structural and thermodynamic data, an “induced fit” model sequence specific collective motions. Previous data also
was proposedsg). In this model, the local folding transition  ghow that Genesis recognizes both linear and prebent DNA
of a DNA binding protein is coupled to site specific DNA  gjies in which the DNA molecules adopt many different
binding. Then one question is whether some amino acid conformations25). Therefore, it is likely that the sequence

sequences in a DNA binding protein are more structurally gpecific collective motions in Genesis provide the motional
flexible so that they can adopt alternative conformations in freedom and flexibility for this unique DNA binding

protein—DNA interactions. A clear answer to this question property. Indeed, our preliminary data obtained on a
cannot be deduced easily from structural and thermodynamicGenesis-DNA complex indicate that the structural and

data. However, this structural flexibility should be related dynamic properties of these mobile sequences in DNA free
to dynamic properties of a DNA binding protein. Genesis are severely perturbed.

Many structural motifs have been identified in protein The winged helix DNA binding motif is a highly con-
DNA interactions, some containing single-domain constructs served DNA binding motif. Some conserved residues are
and others containing multidomain constructs. The structuresdifficult to understand if only the structures are considered.
of many proteir-DNA complexes have been determined by One such example is the sequence of wing 1, which contains
NMR and X-ray crystallographic techniques. These struc- many conserved prolines and glycines. Due to these prolines
tures show that the formation of a stable complex usually and glycines, wing 1 has no commonly observed structure
involves amino acid residues from several structural elements(23, 24). In this study, wing 1 of Genesis shows collective
of the protein in the complex. Thus, the conformational motions before contacting DNA. Thus, it seems that these
change of a DNA binding protein leads to rearrangement of residues in wing 1 are conserved to support a unigue dynamic
the relative positions of the DNA contact residues on these property in the winged helix proteins.
structural elements. One such example is the ({{i8), In this study, ther,, value of Genesis is 13.5 ns at 290 K.
zinc finger DNA binding motif 67). Previous data showed  This value is larger than expected for a protein of 108 amino
that multifinger constructs were necessary for sequenceacid residues. However, thg estimated from the average
specific DNA recognition, and that each of the fingers make T,/T, ratio acquired at 295 K reduces to 8.5 ns which is more
DNA contacts §7, 58). Although the structure of each zinc  reasonable for Genesis at that temperature. Furthermore, no
finger domain is rigid due to the zinc coordination, relative large chemical shift perturbations have been observed in
motions among the fingers have been observed in solutionspectra taken at the two temperatures. Thus, the lasge
due to more flexible linker sequencé&®(60). The relative value observed at 290 K for Genesis is likely a result of low
positions of the DNA contact residues on different fingers temperature and high concentration of salts used for the NMR

In our study, the residues after Leu93 in the Genesis DNA
binding domain show strong and overlapped signals, and we
expect these residues to be highly flexible under our
experimental conditions. However, the motions of the N
and C terminiwhich connect to activation domains, should
be more restricted and should have smaller amplitudes in
vivo.
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Ficure 4: Gel shift assay for studying the possible isotope effects
in the off rate of GenesisDNA complexes. Lane 1 i¥P-labeled
DNA probe #HFH-2#12. Lanes -2 show a time-dependent
dissociation of thelPN]Genesis-DNA complex in the presence
of a 25-fold molar excess of the unlabeled #HFH-2#12 DNA site.
In each lane, the faster migrating band is ¥#f&-labeled free probe
after the unlabeled probe is added to the reaction. Lanédd Bhow

a time-dependent dissociation of th&-, 2H-, and13C-enriched
Genesis-DNA complex in the presence of a 25-fold molar excess
of the unlabeled #HFH-2#12 DNA site.

study. This possibility is supported by a previous dynamic
study of RNase H at different temperaturé8)(

Jin et al.

and backbone. ProteitDNA interaction is a highly dy-
namic process, and the complex:free DNA binding protein
ratio is determined by the on and off rate between a DNA
binding protein and its cognate DNA site in the complex.
The dissociation constatd is the ratio of the off rate to
the on rate. Under our current experimental conditions, we
cannot measure the on rate of Genesis binding to DNA.
However, an experiment comparing the off rate of triply
labeled Genesis anéPN]Genesis was performed (Figure 4).
Our data indicated that the isotopic effect duétioand*C
enrichment in the side chains and backbone of Genesis has
minimal influence on the off rate and binding affinity in the
GenesissDNA complex. Thus, our data indicate that
perdeuteration provides a powerful tool for studies of protein
dynamics.
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SUPPORTING INFORMATION AVAILABLE

One table giving the values and uncertainties, for each
residue, of the experimentally determin&gd T,, and NOE
data, the optimized order parameters, the internal correlation

The Genesis protein used in this study was perdeuteratedimes and**N exchange broadening terms, and overall

on all backbone and side chain carbon atoms. One of the

correlation times (4 pages). Ordering information is given

advantages of using a perdeuterated protein is that theOn any current masthead page.

removal of 3Jync coupling and M—HC cross relaxation
increases the signal intensities dramatically, while reducing
the line width in the M dimension. Therefore, even though

a relatively low temperature (290 K) was used, the data
acquired from perdeuterated Genesis has a better signal-to
noise ratio, reduced overlap, and better statistical reliability.
At this temperature, due to a long, protonated Genesis
shows low signal-to-noise ratio and large statistical uncer-
tainties. Thus, deuterated proteins are better for dynamic
studies on biological molecules with large autocorrelation
times. Due to large uncertainties in the dynamic parameters

acquired for protonated Genesis, the dynamic parameters for

each individual residue cannot be extracted with high fidelity
under the current experimental conditions. Perdeuteration
of a protein increases its molecular weight by-116%, but

the tm values for the perdeuterated protein (13.9 ns) and
protonated Genesis (13.5 ns) are close. This is not surprising
since a protein is highly hydrated and is surrounded by a
large volume of structured or semistructured wat@®).(
These protein-associated,® molecules are expected to
rotate with the protein in solution; thus, a slightly increased
molecular weight without an increase of the molecular
volume of a protein will not slow the rotational motion
dramatically. Furthermore, on the basis of this analysis, we
expect that the large amplitude local motions associated with
a surface residue should not be influenced by deuteration if
this residue is hydrated. However, one other question is
whether deuteration can modify the DNA binding property

of Genesis due to the isotope effect of the heavier side chains
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